Abstract Nano energetic materials offer improved performance in energy release, ignition, and mechanical properties compared to their bulk or micro counterparts. In this study, the authors propose an approach to synthesize an Al/NiO based nano energetic material which is fully compatible with a microsystem. A two-dimensional NiO nano honeycomb is first realized by thermal oxidation of a Ni thin film deposited onto a silicon substrate by thermal evaporation. Then the NiO nano honeycomb is integrated with an Al that is deposited by thermal evaporation to realize an Al/NiO based nano energetic material. This approach has several advantages over previous investigations, such as lower ignition temperature, enhanced interfacial contact area, reduced impurities and Al oxidation, tailored dimensions, and easier integration into a microsystem to realize functional devices. The synthesized Al/NiO based nano energetic material is characterized by scanning electron microscopy, X-ray diffraction, differential thermal analysis, and differential scanning calorimetry.
Introduction
In recent years, researchers have found that energetic materials that are produced at the nanoscale have the promise of improved performance in various ways including energy release, ignition, and mechanical properties. At the nanoscale people can manipulate individual atoms and molecules and control their assembly into a large-scale bulk energetic material. The possibility exists to build large-scale energetic materials with a very high degree of uniformity, such as few/no defects, perfect crystalline structure, composites with molecularly engineered uniformity. Nano energetic materials (nEMs) represent a completely new frontier for energetic material research and development [1, 2] . Various ways have been used to realize nEMs such as physical mixing of nanopowders of fuel and oxidizer [3-5], sol-gel [6], aero-gel [7] , and atomic layer deposition (ALD) [8] . Physical mixing presents some limitations, such as not homogeneous distribution of oxidizer and fuel, and poor compatibility with a microsystem. In sol-gel, the random distribution of the particles and the inherent organic impurities result in limited performance. An aero-gel and an ALD are not currently applicable for mass production. Blobaum et al. have deposited multilayer foils of oxidizer and fuel by sputtering [9] . This approach results in enhanced atomic mixing and reduced impurities. Porous-silicon-based nEMs were proposed in [10] , which can be conveniently integrated into a silicon-based microsystem. Menon et al. realized Al/Fe 2 O 3 nEM by embedding an array of Fe 2 O 3 nanowires inside a thin Al film. This approach can control precisely the oxidizer and fuel dimensions [11] . Molecular self-assembly is also employed to prepare nEMs [12, 13] , which could improve the homogeneity of the final material and control the fuel/oxidizer interfacial contact area. Recently, nano Al/CuO based nEM has been realized by inte-grating nano Al with CuO nanowires grown from Cu film deposited onto silicon. This approach has the merits of enhanced contact, reduced impurities and Al oxidation, and easier integration into a microsystem [14] .
In this study, nano Al/NiO nEM (also called nano thermite composite) is synthesized by integrating a nano Al with a two-dimensional NiO nano honeycomb realized onto a silicon substrate. This approach not only inherits the merits as in [14] , but also has the advantage of low ignition temperature. The experimental processes are first presented. The fabricated Al/NiO nEM is then characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), differential thermal analysis (DTA), and differential scanning calorimetry (DSC).
Experiment details
The fabrication process starts with a 500-µm-thick doublepolished 4-inch p-type silicon substrate. The substrate is cleaned using acetone, chromic sulfuric acid mixture (RT2), thoroughly rinsed by deionized (DI) water and blow-dried by nitrogen. Then the substrate is placed into an oven at 200 • C for 20 min for further drying. A 0.2-µm-thick Ni thin film is deposited onto the silicon substrate by thermal evaporation in a thermal evaporator under a vacuum level of 7 × 10 −6 mbar and the substrate temperature is being around 45°C during the deposition. The silicon substrate with Ni thin film is then placed onto a clean quartz boat. The quartz boat is positioned into a quartz tube (100 cm in length, 17 cm in diameter) that is mounted inside a horizontal tube furnace. A flow of high-purity N 2 is first introduced into the quartz tube at a flow rate of 2000 sccm for 20 min to remove the air in the system, and then adjusted to 400 sccm accompanied by a O 2 flow at a rate of 100 sccm. The furnace is heated from room temperature to 450°C. After being held at 450°C for 2 h, the furnace is cooled down naturally to room temperature. The silicon substrate with the oxidized Ni thin film is taken out of the furnace and put into a thermal evaporator. The Al is deposited by thermal evaporation onto the oxidized Ni thin film. The Al is deposited under a vacuum level of 5 × 10 −6 mbar and the substrate temperature is being around 30°C during the deposition. The realized Al/NiO nEM on silicon substrate are directly characterized by SEM and XRD.
The heat of the reaction of the Al/NiO nEM is determined by DTA and DSC. The DTA experiment is performed in a temperature range from 20 to 1000°C with a heating rate of 15°C/min under a 99.995% Ar flow. A mass of 6.35 mg of an Al/NiO nEM is carefully scratched from the substrate and put into a platinum crucible. The DSC experiment is carried out at a temperature range from 20 to 700°C at a heating rate of 5°C/min under a 99.999% N 2 flow with a sample mass of 2.3 mg. Both for the DTA and the DSC, a second analysis is done on the same sample and in the same conditions in order to help with computations of the baseline correction. Figure 1a shows a 30°tilted view SEM image of the deposited 0.2-µm-thick Ni thin film onto a silicon substrate by thermal evaporation. The diameter of the deposited Ni particles on the film surface is in the range of 5-15 nm. A crosssectional view SEM image of the deposited Ni thin film is 
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